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ABSTRACT
The Effects of Acute Stress on Responses to Nociceptive and Non-nociceptive Stimuli
Danielle Mack
Director: Brian Burrell, Ph.D.

Stress-induced analgesia is characterized by a reduction in response to painful
stimuli. However, a sufficiently stressful stimulus may exhibit a pro-nociceptive effect in
addition to its anti-nociceptive effect. Previous studies suggest that endocannabinoids
reduce responses to nociceptive stimuli and may contribute to stress-induced analgesia.
However, endocannabinoids can also have pro-nociceptive effects by increasing
responses to non-nociceptive stimuli. In this study, I hypothesized that stressful stimuli
could produce both pro- and anti-nociceptive effects and that these effects were
endocannabinoid-mediated. In these experiments, the medicinal leech (Hirudo verbana)
was shocked twice per minute for 15 minutes. Response to nociceptive stimuli was
measured using a Hargreaves Apparatus to test latency to thermal nociceptive stimuli.
The non-nociceptive response was measured by Von Frey fibers which test response to
mechanical stimulation. The electric shocks did not alter responses to the nociceptive
stimulus but did cause sensitization to the non-nociceptive stimulus. These experiments
were repeated with drugs that blocked either endocannabinoid synthesis or the
endocannabinoid receptor. Neither treatment had any effect on the responses to either
stimulus. The electrical stimulus reliably raised 5HT levels in the CNS, suggesting a
stressed-state. Injections of 5HT were used to mimic the electric stimulus and a 5HT
receptor antagonist, methysergide, was used to block this effect. Injections of 5HT caused
sensitization to the non-nociceptive stimulus and the response was concentration
dependent. The 5HT injection had no effect on the nociceptive stimulus. Injections of
methysergide reduced sensitization to non-nociceptive stimuli after electric stimulations.
The lack of change in response to the nociceptive stimulus may indicate a need to alter
the pattern of electric stimulation.
KEYWORDS: serotonin, pain, nociception, endocannabinoid, stress
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CHAPTER ONE
Introduction

According to the International Association for the Study of Pain (IASP), pain is
best understood as an unpleasant sensory and emotional experience associated with
damage or potential damage to the body (2017). Pain can be categorized as acute or
chronic. Acute pain is a short-lived, sharp sensation in response to an injury. Chronic
pain lasts more than 3-6 months and can be classified based on its location and if the
causality of the pain is psychological or physical in origin. (Treede et al., 2015). Chronic
pain is especially problematic due to its propensity to reduce the quality of life. As of
2016, approximately 20% of adults had reported suffering from chronic pain with an
additional 8% reporting high-impact chronic pain, which is defined as a pain that
significantly impedes life or work activities (Dahlhamer et al. 2018). Increasing our
understanding of pain and its possible treatments is essential to reduce the number of
individuals suffering from pain conditions.
Information about painful or “nociceptive” stimuli travel to the brain separately
from information concerning non-painful or “non-nociceptive” stimuli. Non-nociceptive
information is transmitted by Aβ fibers. These myelinated neurons are activated by light
touch. The sensory information travels to the dorsal horn where it is then sent up the
dorsal column to the brain (Abraria and Ginty, 2013). Nociception begins with the
activation of Aδ fibers and C fibers. Stimuli such as intense mechanical stimulation, heat,
or exposure to noxious chemicals can activate the receptors of these sensory neurons. Aδ
fibers are thin, myelinated neurons that transmit the sharp, fast quality of pain. C fibers
1

are thin unmyelinated neurons that transmit the slow, burning aspect of pain. (Stucky,
Gold, and Zhang, 2001). These neurons project to the dorsal horn and synapse onto
secondary nociceptive afferents that ascend the contralateral side of the spinal cord
(spinothalamic tract) to the thalamus where the information can be relayed to a multitude
of cortical and subcortical regions (Garland, 2012; Stucky, Gold, and Zhang, 2001).
Endogenous mechanisms can accomplish the modulation of either increasing or
decreasing pain sensations. Increasing the understanding of such mechanisms creates an
opportunity to harness these processes and exploit them for therapeutic use. One
mechanism of interest is present in the phenomenon of stress-induced analgesia. Stressinduced analgesia (SIA) is the suppression of the pain response
following a stressful or fearful experience. Stress-induced analgesia

Cortical Regions

is considered a protective response in that it allows an animal to
ignore an injury for a short time to evade any present danger. The
induction of SIA requires a noxious stimulus, like a shock, or an

PAG

aversive stimulus, like a stressful environment. The type of either
stimulus is important as their capabilities for producing SIA vary.

RVM

Whether the organism is in a state of acute or chronic pain also
affects the occurrence of SIA. One proposed mechanism for
SIA is descending modulation (Butler and Finn, 2009). After the
information about a painful stimulus is processed by higher
brain regions, those brain regions signal to the periaqueductal
grey (PAG), a midbrain structure with pain modulation roles.
2

Dorsal Horn

Figure 1: Descending
modulation occurs through
periaqueductal grey and
rostroventral medulla
activity.

The PAG subsequently signals to the rostroventral medulla (RVM), a group of nuclei
located in the medulla with projections to the spinal cord. This pathway is illustrated in
Figure 1. The actions of descending control can be excitatory or inhibitory at the level of
the spinal nociceptive circuits and this ultimately can produce effects that are either
pronociceptive or antinociceptive (Garland, 2012). The RVM contains neuronal
populations with differing properties, all of which have projections that descend to the
spinal cord. An example of one such population is the serotonergic nuclei in the RVM.
Descending projections from these neurons release 5HT in the spinal dorsal horns which
can be pronociceptive or antinociceptive depending on what cells within the nociceptive
circuitry are targeted. If the excitatory ascending neuron is further activated by 5HT
signaling, the nociceptive sensation will be increased. If an inhibitory interneuron is
excited, the nociceptive sensation will decrease because it is inhibiting its target with
increased strength. The opposite effects are true if these cells are inhibited by 5HT.
(Ossipov, Morimura, and Porreca, 2014).
One potential mechanism mediating SIA is endocannabinoid signaling.
Endocannabinoids are lipid neurotransmitters. They are synthesized on demand and act
through retrograde signaling. These neurotransmitters act as ligands to CB1 and CB2
receptors in the central nervous system as well as in the periphery. They also bind to
transient receptor vanilloid type 1 receptors (TRPV1). Retrograde signaling occurs when
a neurotransmitter is released by the postsynaptic neuron and the neurotransmitter binds
to the presynaptic terminals. The endocannabinoid system plays a role in inflammation
processes as well as pain signaling (Fine and Rosenfeld, 2013). The retrograde signaling
3

by endocannabinoids has the potential to inhibit signaling of the presynaptic neuron,
leading to synaptic depression. Endocannabinoids inhibit both excitatory and inhibitory
neurons. (Castillo, Younts, Chá Vez, Hashimotodani, and Purpura 2012;). Although the
endocannabinoid system is usually thought to be analgesic, there is evidence of
endocannabinoid signaling having pro-nociceptive effects in both vertebrates and
invertebrates (Pernia-Andrade et al. 2009; Yang et al., 2016). In humans, endocannabinoids
may cause nociceptive sensitization by inhibiting the interneurons responsible for
preventing the transmission of noxious signals (Christie and Mallet, 2009). Previous
studies in the Burrell lab have suggested that endocannabinoids have a pronociceptive
effect on non-nociceptive synapses an antinociceptive effect on nociceptive synapses.
(Higgins et al., 2013; Summers, Hanten, Peterson, and Burrell, 2017; Wang and Burrell
2017).
This study employed the use of the medicinal leech (Hirudo verbana) as a model
organism. The use of invertebrates in the study of pain is advantageous due to their
simplified neurocircuitry. This simplicity allows for the exploring of a well-characterized
nervous system and the eventual application of mechanistic findings to more complex
organisms (Wilson-Sanders, 2011). The leech is a useful model organism due to its wellcharacterized nervous system (Figure 2). This characterization includes the mapping of
nociceptive and non-nociceptive neurons as well as their targets. The CNS of the leech
consists of a chain of 21 ganglia segmentally arranged within the body of the animal.
Hirudo verbana also has a head “brain” at its most anterior end and a tail “brain” at its
most posterior end, both of which consist of compound ganglia. (Northcutt, Fischer, Puhl,
4

Mesce, and Schulz, 2018). Each segmental ganglion contains its own set of sensory,
motor, and local interneurons. The sensory neurons for touch, pressure, and nociception

Figure 2

Figure 2: Ventral and dorsal view of an individual ganglion from Hirudo verbana. Individual cells are
labeled according to their identity. (Muller at al. 1981).

are designated T, P, and N cells respectively. There are two types nociceptive neurons
(N-cells), one type which responds to mechanical stimuli, and the other type is a
polymodal N-cell which responds to mechanical, thermal, and chemical stimuli (Burrell,
2018). The T an P cells are analogous to mammalian mechanoreceptors. The N cells are
analogous to mammalian nociceptors. The P cells are responsible for eliciting a local
withdrawal reflex, whereas the N cells mediate whole body withdrawal behaviors
(Burrell, 2017).
The use of the leech is also beneficial to the study of endocannabinoids. The CNS
of the leech contains the endocannabinoids anandamide and 2-arachidonoyl glycerol (2AG) (Matias et al., 2001). It lacks orthologs to CB1 and CB2 receptors but does contain
5

endocannabinoid sensitive TRPV channels which are similar to the TRPV1 receptor found
in mammals (Yuan and Burrell, 2010; Yuan and Burrell, 2013).
Endocannabinoids offer a potential therapeutic mechanism for treating pain, but
endocannabinoids have been found to produce both pro-nociceptive and anti-nociceptive
effects. Endocannabinoids are known to contribute to SIA. Normally, PAG outputs are
tonically inhibited by GABAergic synapses. Endocannabinoid signaling relieves this
inhibition by reducing the release of GABA allowing for the disinhibition of PAG
outputs (Aubrey, Drew, Jeong, Lau, and Vaughan 2017). The hypothesis tested in this
study is that stress-inducing stimuli may produce both anti-nociceptive and pronociceptive effects and that these effects are mediated by systems involving
endocannabinoids and 5HT.

6

CHAPTER TWO
Methods

The model organism used in this study was the medicinal leech, Hirudo verbana.
These animals were ordered from the commercial supplier Niagara Medicinal Leeches
(Cheyenne, WY) and weighed approximately 3g each. The animals were housed in
artificial pond water (0.5g sea salt per L of water) with incubator temperatures held at
15°C. The incubator cycled through 12-hour light and dark periods.
Drugs were prepared immediately before injection from frozen stocks added to
the Hirudo saline solution (in mM: 114 NaCl, 4 KCl, 1.8 CaCl2, 1 MgCl2, 5 NaOH, and
10 HEPES; pH = 7.4). Tetrahydrolipstatin (THL), dimethyl sulfoxide (DMSO), serotonin
(5HT), SB366791, and methysergide were obtained from Sigma-Aldrich (St. Louis, MO).
The THL and SB366791 stock was dissolved in DMSO before freezing. The
methysergide and 5HT were dissolved in saline before freezing. Control experiments
were performed using injections of saline as well as injections of DMSO. The injections
of THL, SB366791, methysergide, and control injections of DMSO and saline occurred
immediately before the initial sensory testing and acclimation. Leeches were taken out of
incubation and placed in an ice dish with cold pond water for 1 minute to anesthetize
them before injection. Leeches were injected on their ventral side at the junction of the
body segments and the posterior sucker. To block the action of endocannabinoids 100 µL
injections of 25μM and 50μM THL as well as 25μM of SB366791 were performed. THL
is an inhibitor of diacylglycerol lipase (DAGL) which is responsible for the synthesis of
2-AG from diacylglycerol (DAG) and arachidonic acid (Murataeva, Straiker, and
7

Mackie, 2014). Injection of SB366791 inhibits the TRPV receptors (Yuan and Burrell,
2010). Control injections of DMSO (0.05%) were performed in parallel. To explore the
role of 5HT in the experiment, injections of 5HT and methysergide, a 5HT receptor
antagonist were applied. In humans, methysergide is nonselective 5HT1, 5HT2, and
5HT7 serotonin receptor antagonist (Sigma Aldrich). Injections of 400μM methysergide
were run in parallel with control injections of saline. Injections of 200μM and 500μM
5HT were used in place of the electric stimulations. Control injections of saline were run
in parallel.
The baseline for behavioral responses was determined from sensory testing of
non-nociceptive and nociceptive stimuli. Von Frey Filaments were used to deliver the
non-nociceptive stimuli. Von Frey fibers are monofilaments of varying thickness that
bend in response to a pre-determined amount of force. These
tools allow the application of controlled, specific force to the

Figure 3

animal. As shown in Figure 3, Von Frey Filaments were
applied to the posterior sucker of the leech nearest to where the
sucker meets the body of the animal. The measured response
was a localized shortening reflex in which the leech shortens
to cover their posterior sucker. Research into Von Frey
methods led to the adoption of the simplified up-down

Figure 3: A leech during
testing with a Von Frey
filament applied to the
posterior sucker.

(SUDO) method (McMackin et al., 2016). In this method, the
filament of mid-range strength was designated at the starting
value. The filament of 0.07g of force was the starting value for these experiments. If the
8

leech did not respond to this force, the next largest force was applied after a 60 second
waiting period. If the leech did respond to the 0.07g force, the next weakest force was
applied after the 60 second waiting period. This pattern continued until the two lowest
forces in which the leech responded to were found. The average of these two forces was
recorded as the baseline threshold for the animal. This value was compared to the value
obtained at the end of the experiment.
The baseline nociceptive measure was determined
immediately after obtaining the non-nociceptive threshold.
The nociceptive baseline is measured as the latency in
response to the Hargreaves apparatus. The Hargreaves
apparatus emits an infrared light that creates an increasingly
Figure 4

intense thermal stimulus, which was applied to the posterior
sucker of the animal as shown in Figure 4. When the
nociceptive baseline of the animal is reached, it responds with

Figure 4: A leech during
testing with the
Hargreaves apparatus. The
infrared light is positioned
under the posterior sucker.

a full body movement away from the stimulus. The
Hargreaves apparatus displayed how long it took the leech to
respond to the stimulus and this value was recorded as the nociceptive latency measure
(seconds). This latency measure was compared to the measure obtained at the end of the
experiment.
A protocol for producing a stressed-like state was established using electric
stimulations. Previous experiments in invertebrates and vertebrates employed the use of
electric shocks as the noxious stimulus (Fossat, Bacqué-Cazenave, De Deurwaerdère,
9

Delbecque, & Cattaert, 2014; Fossat, Bacque-Cazenave, De Deurwaerdere, Cattaert, and
Delbecque, 2015; Hohmann et al., 2005). Initially, leeches received stimulations in a
smaller 8.5cm petri dish filled with 25mL of pond water. The petri dish was connected to
a Grass S88 two-channel stimulator (Astro Med Inc., RI, USA). The voltage used for the
experiment was determined by finding the threshold of voltage that elicits a full body

Figure 5

B

A

Figure 5: A. Petri dish stimulation chamber. Top: side view of chamber. Bottom: overhead view of
chamber with connections to stimulator. B. Box stimulation chamber. Top: side view of chamber.
Bottom: overhead view of chamber with connections to stimulator. Images not to scale.

shortening reflex. The voltage used for testing is 10 volts above the threshold value. After
a 5 minute resting period, the stimulation protocol began. The leeches were stimulated
every 30 seconds for 15 minutes, totaling to 30 stimulations (1 millisecond pulse
duration, 1 second train duration, 30 second intertrain interval). Experiments of only five
stimulations were also performed with the same parameters. A box chamber (5 x 9 x 2.5
cm) filled with 30mL of pond water replaced the Petri dish as the location of stimulations
in later experiments. Figure 5 describes the two chambers. After the stimulations where
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complete, the leeches were transferred back to the 14cm Petri dish for a 30 minute resting
period.
Plus-mazes were used to examine the effects of electric stimulations on the
leeches’ choice of substrate (Figure 6). A protocol for the plus-maze was developed
based on similar experiments in other
invertebrates. However, this experiment
Figure 6

Rough

makes use of textures instead of light
intensity (Fossat et al., 2014; Fossat et al.,

~

2015). Two arms of the maze contained

Fine

rough grit sandpaper and the other two
contained fine grit sandpaper respectively.
Substrate tested included, 220 grit, 400 grit,
and 600 grit sandpaper as well as trials
including no sandpaper. Leeches were placed

Figure 6: Organization of the plus maze.
Two arms are of rough grit and the other
arms are a comparatively fine or smooth
grit.

in the center of the plus-maze at the start of
10 minute recording interval. Their movement was tracked by video and data was
recorded by time spent in the rougher grit or finer grit arms. Exploratory behaviors were
also measured. These behaviors included time spent exploring their current arm, moving
to an arm of the same substrate, moving to an arm of a different substrate, time spent in
locomotion, and time spent without locomotion.
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The timeline for the experiments is depicted in Figure 7. First, 50mL of pond
water was poured into a 14cm Petri dish. The number of filled Petri dishes equaled the

Figure 7

Figure 7: Timeline of experiments (not drawn to scale). Syringes indicate timing of injection. The petri dish
signifies electrical stimulations.

number of leeches used in an experiment so that each dish only contained only one leech.
The animals used in the experiment were removed from the incubator and placed in their
respective Petri dishes. Injections of THL, SB366791, DMSO, methysergide, and saline
were administered before the period of acclimation. Designation of shocked versus
control groups is random, but these experiments were performed in parallel. Leeches
acclimated in their Petri dishes for 30 min before the application of sensory tests. Von
Frey pre-treatment measurements occurred immediately before obtaining the pretreatment Hargreaves measurement. Leeches in the treatment (shock) group were placed
in the stimulation chamber after sensory tests. Threshold voltage was found, and after a 5
minute resting period, the stimulation procedure was initiated. In experiments with 5HT,
the injection took the place of the stimulation chamber. After treatment, the leeches were
12

replaced in their original dish to rest for an additional 30 minutes. The post-treatment
tests were performed at the end of the rest period.
To explore the action of neurotransmitters within the leech CNS, octopamine
(OA), dopamine (DA), and serotonin (5-HT) in leech ganglia were analyzed using highperformance liquid chromatography with electrochemical detection as described
previously with minor modifications (Bubak, Swallow, and Renner, 2013). Ganglia were
dissected in an ice dish of frozen Sylgard filled with ice-cold leech saline. The leech was
pinned on its ventral side and an incision was made along the length of the animal to
expose the 20 segmental body ganglia. The entire nerve cord was uncovered before
sectioning the 20 body ganglia into groups of five and placed into 60 µL of sodium
acetate buffer (pH 5.0) containing the internal standard alpha-methyl dopamine (Merck &
Co., Inc., Kenilworth, NJ), disrupted by sonication using a 4710 Ultrasonic Homogenizer
(Cole-Parmer Instrument Co., Chicago IL) and stored at -70o C. Prior to analysis, the
samples were thawed and centrifuged at 17,000 × g for 15 minutes. The supernatant was
removed and a Waters 17plus autoinjector was used to inject 50µL of the supernatant
onto a C18 4µm NOVA-PAK radial compression column held at 30 oC (Waters
Associates, Inc. Milford, MA). The initial mobile phase contained of 8.6g sodium acetate,
250mg EDTA, 14g citric acid, 130mg octylsulfonic acid, and 160mL methanol in 1L of
distilled water (all chemicals obtained from Sigma-Aldrich (St. Louis, MO) and was
subsequently modified by additions of small amounts of acid and octylsufonic acid to
optimize the separation. Electrochemical detection of amines was accomplished using an
LC 4 potentiostat and glassy carbon electrode (Bioanalytical Systems, West Lafayette,
13

IN) set at a sensitivity of 5nA/V with an applied potential of +0.85V (+0.995V when
octopamine was included in the analysis) versus a Ag/AgCl reference electrode. The
pellet of nervous tissue was solubilized in 100µL of 0.4N NaOH and protein content was
analyzed using the Bradford method (Bradford, 1976). A Chromatography Station for
Windows (CSW32) data program (DataApex Ltd., Czech Republic) was used to
determine monoamine concentrations in the internal standard mode using peak heights
calculated from standards. Corrections were made for injection versus preparation
volumes and sample monoamine concentrations were normalized by dividing pg amine
by µg protein to yield pg monoamine/µg protein.
In an attempt to measure nociception through a different method, a protocol for
applying a noxious mechanical stimulus was developed and replaced the noxious thermal
stimulus produced by the Hargreaves apparatus. A 25 G needle was used to apply this
mechanical stimulus. The needle was used to poke the posterior sucker of the leech (in
the same region as Von Frey filaments). A total of 10 pokes were administered with a
poke occurring every 30 seconds. Responses to these stimulations were graded based on
the behavior elicited. A full response was a complete whole body shortening and was
scored as at a value of 2 points. A partial response was a localized shortening reflex and
was assigned a value of 1 point. No response was scored 0 points. An evasion was a
response in which the leech tucked its posterior sucker under its body in such a way that
no stimulation was possible, and this was scored -1 point. The 10 responses were
summed to a final score. The final score was recorded before and after the electric
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stimulation protocol. These two values were compared to determine if any behavioral
changes occurred.
Data collected for all experiments were analyzed and graphed using SigmaPlot
software (v12.0). Data from the plus mazes were analyzed by the percentage of time
spent in a certain arm or by the percentage of time displaying a specific exploratory
behavior. Data from the nociceptive and non-nociceptive responses were compared using
the pre-treatment and post-treatment values recorded from the experiment and
represented as the percent change between the values (post-treatment/pre-treatment).
Data from the HPLC measurements were grouped by neurotransmitter type. This data
was analyzed by grouping the ganglia by five as they were dissected or by grouping all
the ganglia. Statistical analysis was done through the use of t-tests and two-way analysis
of variance (ANOVA). T-tests were reported using mean and standard error. StudentNewman-Keuls post hoc tests were used to determine what groups were different in the
ANOVA results. Significance was determined with an α level of at least P ≤ 0.05.

15

CHAPTER THREE
Results

The first experiment was designed to determine how to appropriately measure
behavioral changes due to the electric stimulations. This experiment was performed in an
attempt to replicate results reported by Fossat et al. (2014; 2015). Leeches were recorded

Figure 8

*
*

Figure 8: Substrate preference varies depending on the pairing of grit. The pairing 220 vs 600 (P=0.0004)
was most appropriate for the future experiments.

for 10 minutes in a plus-maze of varying substrate pairs to determine if there was a
preference for a specific grit compared to that of the other arms. These results compare
the percentages of time spent in each substrate during the 10- minute testing interval. As
Figure 8 illustrates, the following t-test reveal, the 220 (M=43.2+2.2%) versus 600
(M=56.8+2.2%) pairing (N=9) was significantly different t16=4.4, P=.0004 The 220
16

(M=52.9+5.6%) versus 400 (M=47.1+5.6%) pairing (N=9) was not significantly different
t16=-0.735, P=0.47. The 220 (M=91.3+6.5%) versus smooth (M=8.7+6.5%) pairing
(N=6) was significantly different t10=9.04, P=0.000004. The 220 grit versus smooth pair
was determined inappropriate to use in future experiments due to the preference for the
smooth substrate being too low. Because this value was too low, future experiments using
that paring may not properly represent preference if preference to the smooth arm became
even smaller after electric stimulations. The 220 grit versus 400 grit pair was also
discarded to the lack of obvious preference. The 220 grit versus 600 grit pair was chosen
as the best maze design for moving forward as both substrates have room to be more or
less preferred to a leech following electric stimulations.
Using the plus-maze protocol, control and shocked animals were recorded for 10
minutes. Figure 9A shows the preference of arm choice between control (N=13) and
shocked (N=10) animals. The electric stimulations occurred in the dish chamber for this
experiment. Arm choice is described as the percentage of time spent in the fine arms
(220) of the plus-maze. Analysis using a t-test revealed that there was no significant
difference t21=0.997, P=0.34 between control (M=51.2+3.4%) and shocked
(M=43.7+7.7%) groups. Therefore, the animals did not alter their preference of substrate
due to the electric stimulations. Figure 9B shows the exploratory behaviors in the plusmaze of control (N=13) and shocked (N=8) animals. T-tests were performed on each of
the exploratory behaviors to detect possible differences between the groups. For same
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arm (SA) exploration behavior, there was no significant difference t19=0.67, P=0.51
between the control (M=60.5+5.3%) and the shocked (M=53.9+9.5%) groups. For the

Figure 9

A

B

Arm Choice

Figure 9A: The amount of time spent in the fine git arm was not significantly different between control
and shocked animals. Figure 9B: The type of exploratory behavior and the amount of time spent
performing that behavior was not significantly different between control and shocked animals. Most
exploration was of the arm in which the leech resided. SA= Same Arm, DA-SS = Different Arm of the
Same Substrate, DA-SA = Different Arm of a Different Substrate

different arm to the same substrate (DA-SS) exploration group, there was no significant
difference t19=0.84, P=0.41 between the control (M=1.6+0.9%) and the shocked
(M=0.5+0.3%) groups. For the different arm to a different substrate (DA-DS) exploration
group, there was no significant difference t19=0.23, P=0.82 between the control
(M=10.3+1.3%) and the shocked (M=9.8+2.1%) groups. For the locomotion measure,
there was no significant difference t19=-0.017, P=0.99 between the control (M=6.2+0.4%)
18

and the shocked (M=6.2+0.8%) groups. For the no-movement measure, there was no
significant difference t19=-0.72, P=0.48 between the control (M=21.1+5.7%) and the
shocked (M=28.9+10.5%) groups. Due to the lack of significant difference between the
control and shocked animals, the plus-maze protocol was halted and other behavioral
testing methods (Von Frey filaments and Hargreaves apparatus) were used instead.
The effects of the electric stimulations were measured using Von Frey filaments
as the non-nociceptive stimulus and the Hargreaves apparatus as the nociceptive stimulus.
These experiments were performed in a Petri dish chamber with a total of 30 electric
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Figure 10A: Shocks significantly altered the response to the non-nociceptive stimulus (P=0.000008).
Figure 10B: Shocks did not significantly alter the response to the nociceptive stimulus.

stimulations. There was a significant effect of the electric stimulations on the response to
the non-nociceptive stimulus t23=5.74, P=0.000008 between the control (N=11,
M=96+4%) and shocked (N=14, M=50.3+6.3%) groups (Figure 10A). This result reveals
that there is significant sensitization to the non-nociceptive stimulus after exposure to the
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electrical stimulus. There was no effect of electric stimulations on the response to the
nociceptive stimulus t23=-0.68, P=0.50 between the control (M=101.7+4.2%) and
shocked (M=105.3+3.2%) groups (Figure 10B). This lack of effect indicates that there
was no analgesia-like effect in response to the electric stimulations.
Concerns over the efficacy of stimulations in the dish chamber led to the design
of a new stimulation chamber. Animals may have avoided stimulations by retreating to
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Figure 11A: Shocks significantly altered the response to the non-nociceptive stimulus (P<0.0001). The
box chamber and dish chamber were not significantly different from one another. Figure 11B: Shocks did
not significantly alter the response to the nociceptive stimulus. The box chamber and dish chamber were
not significantly different from one another.

the outer edges of the petri dish. Box chambers were built and tested to determine if the
results obtained from the dish chamber (Control N=11, Shock N=14) and the box
chamber (Control N= 10, Shock N=10) were comparable. A two-way ANOVA
examining the non-nociceptive stimulus revealed that there was a significant effect of the
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shocks in both chambers (F1,44=41.77 P<0.001). There was no significant difference
between the type of chamber (F1,44=0.66, P=0.42) and no significant interaction effect
between shock and chamber (F1,44=3.41, P=0.072) (Figure 11 A). A two-way ANOVA of
the nociceptive data did not detect any significant differences between control and shock
(F1,44=0.77, P=0.39), between chamber (F1,44=0.87, P=0.36), nor did it detect an
interaction effect between shock and chamber (F1,44=0.0091, P=0.92) (Figure 11B). This
data suggests that these chambers produce comparable data due to similar magnitude of
non-nociceptive sensitization and absence of change in the nociceptive response.
The necessary number of stimulations came into question as well. The number of
stimulations may have been too great resulting in the lack of change in the nociceptive
stimulus response. The protocol of 30 stimulations over a 15 minute period (Control
N=10, Shock N=10) was compared to a protocol of 5 stimulations over a 2.5 minute
period (Control N=16, Shock N=16). Both stimulation protocols were performed in the
box chamber. As illustrated in Figure 12A, a two-way ANOVA analysis of the nonnociceptive stimulus detected no significant difference between the number of
stimulations (F1,51=0.56, P=0.46). There was an effect of shock in both stimulation
protocols (F1,51=39.53, P<0.001). There was no significant interaction effect between the
number of stimulations and the effect of shocks (F1,51=1.24, P=0.27). Results for the
nociceptive stimulus are shown in Figure 12B. A two-way ANOVA did not detect any
significant differences between the number of stimulations (F1,51=0.00051, P=0.98),
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between the effect of the shocks (F1,51=2.18, P=0.15), nor did it detect a significant
interaction effect between the number of stimulations and the effect of the shocks

Figure 12
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Figure 12A: Shocks significantly altered the response to the non-nociceptive stimulus (P<0.001). The
number of stimulations did not elicit different responses to the non-nociceptive stimulus. Figure 12B:
Shocks did not significantly alter the response to the nociceptive stimulus. The number of stimulations
did not elicit different responses to the nociceptive stimulus.

(F1,51=0.38, P=0.54). The results suggest that a similar behavioral response can be elicited
by fewer stimulations.
The duration of the effects of the electric stimulus was measured as well. The 30
stimulation protocol was used, and these stimulations were performed in the dish and the
box chamber. Following the day of treatment, the responses to the non-nociceptive and
nociceptive stimulus were obtained once a day for 4 days. Figure 13A presents the results
for the non-nociceptive stimulus. A two-way ANOVA did not detect a difference in
response to the non-nociceptive stimulus between the control (N=9) and the shocked
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(N=6) groups, (F1,84=1.28, P=0.26) nor a difference due to testing day (F4,84=1.65,
P=0.17). There was a significant interaction effect between the treatment and the testing
day (F4,84=2.59, P=0.044). A Student-Newman-Keuls post hoc test revealed a significant

Figure 13
A

B

*

Figure 13A: Shocks significantly altered the response to the non-nociceptive stimulus, but only on the
day of treatment (P=0.02). Effects of the treatment did not persist multiple days. Figure 13B: Shocks
did not significantly alter the response to the nociceptive stimulus on the day of treatment nor the on the
days following the shocks.

difference between the control and shocked animals, but only on the day of treatment
(P=0.02). Results for the nociceptive stimulus are displayed in Figure 13B. A two-way
ANOVA did not detect a significant difference between control and shocked groups
(F1,84=0.62, P=0.44) nor did it detect an effect due to the testing day (F4,84=1.31, P=0.28).
There was also no interaction effect between the treatment and the day of testing
(F4,84=0.36, P=0.83). Because it appeared that the behavioral effects due to electric
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stimulations appeared only on the day of treatment and did not persist multiple days, the
remainder of experiments only tested behavior on the day of treatment.
Next, injections blocking endocannabinoid activity were used to explore whether
the endocannabinoid system played a role in the previously observed behavioral
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Figure 14A: Shocks significantly altered the response to the non-nociceptive stimulus (P<0.001). There
was no effect of the type of drug injection. Figure 14B: Shocks did not significantly alter the response to
the nociceptive stimulus. There was no effect of the type of drug injection. Figure 14C: Shocks
significantly altered the response to the non-nociceptive stimulus (P=0.0013). Figure 14D: Shocks did not
significantly alter the response to the nociceptive stimulus
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responses to the electric stimulations. The 30 stimulation protocol was performed in the
dish chamber for these experiments. Injections of 100 µL 0.05% DMSO (Control N=10;
Shock N=9), 100µL injections of THL (25µM: Control N=9, Shock N=10) (50 µM:
Control N=8, Shock N=7)), and 100µL injections of 25µM SB366791 (Control N=12,
Shock=11) were used. Figure 14A shows the results of the DMSO and THL injections
for the non-nociceptive stimulus. A two-way ANOVA detected a significant effect of the
shocks (F1,60=28.35, P<0.001). There was not a significant effect of the type of drug
(F2,60=0.25, P=0.78) and there was not an interaction effect between the shocks and drug
type (F2,60=0.48, P=0.62). Figure 14B contains results for the nociceptive stimulus. A
two-way ANOVA did not detect a significant effect of the shocks (F1,60=0.099, P=0.75),
an effect of drug type (F2,60=0.015, P=0.99), nor did it detect an interaction effect
(F2,60=0.12, P=0.89). The drug SB366791 was also injected. A t-test of the nonnociceptive data shows a significant difference t21=3.70, P=0.0013 between the control
(M=90.7+6.3%) and shocked (M=54.6+7.6%) groups (Figure 14C). There was no
difference in behavior to the nociceptive stimulus t21=0.14, P=0.89 between the control
(M=101.9+5.3%) and shocked (M=100.7+ 7.1%) groups (Figure 14D). Neither inhibitor
of DAGL or TRPV altered the effect of the electric stimulus on responses to nonnociceptive and nociceptive stimuli. From these combined experiments it appears that
endocannabinoid signaling does not contribute to stimulation-mediated sensitization of
responses to the non-nociceptive stimulus in Hirudo.
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Investigation into the neurotransmitters of the leech revealed a difference between
control and shocked animals. Animals were shocked using the 30 stimulation protocol in

Figure 15
A

B

*
5HT

OA

DA

Figure 15A: High performance Liquid Chromatography (HPLC) identified notable peaks for
octopamine (OA), dopamine (DA), and serotonin (5HT). Representative obtained from Hirudo ganglia
11-15 following exposure to an electric shock. Figure 15B: 5HT levels were increased in shocked
animals compared to the control group (P<0.009).

the dish chamber. Figure 15A shows a representative chromatogram of the Hirudo nerve
cord. A few notable peaks were discovered in the experiment. Peaks for octopamine
(OA), dopamine (DA), and serotonin (5HT) were detectable with 5HT being present in a
noticeably large amount. With this information, an experiment was performed to compare
the monoamine concentrations in the ganglia of control (N=3) and shocked (N=3)
animals (Figure 15B). A t-test of the OA data did not show a significant difference t4=0.90, P=0.42 between the control (M=40.9+13.9) and shocked (M=53.7+2.9) groups. A t26

test of the DA data also revealed no difference t4=-0.64, P=0.56 between the control
(M=97.9+12.5) and shocked (M=106.2+3.5) groups. However, a t-test of the 5HT data
revealed a significant difference t4=-4.67, P<0.0096 between the control
(M=1310.5+109.3) and shocked (M=1849.6+38.4) groups.
The increase in 5HT due to the electric stimulations organized by the sectioned
ganglia can be seen in Figure 16. Electric stimulations were performed using the 30
stimulation protocol in the dish chamber. Results for DA and OA are not shown as there
was no notable difference between the ganglia of control and shocked animals. A two-

Figure 16

Figure 16: Effects of 5HT concentration in sections of leech ganglia pre- and post- electric stimulations.
There was a significant effect of shocks (P=0.003) as well as a significant effect of section (P=0.001)

27

way ANOVA revealed that there was a significant effect of section (F3,22=8.6, P=0.001)
as well as a significant effect shocks (F1,22=12.2, P=0.003). There was no interaction
effect between the section of ganglia or the shocks (F3,22= 0.04, P=0.99). The control for
section 16-20 is missing one N due to an error in HPLC preparation.
Using this new information about 5HT levels, additional HPLC experiments were
carried out using 100µL injections of 0.05% DMSO and 50µM THL. Electric
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Figure 17A: An increase in 5HT due to electric stimulations was seen in non-injected animals (P=0.0096).
Figure 17B: There was not a significant increase in 5HT following electric stimulations in animals
injected with 0.05% DMSO. Figure 17C: There was not a significant increase in 5HT following electric
stimulations in animals injected with 50µM THL.
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stimulations for all animals was performed using the 30 stimulation protocol in the dish
chamber. The injections cannot be compared to each other directly due to differences in
the conditions of the HPLC analysis between experiments. Only data gathered from a
single HPLC run can be confidently compared due to inter-array variability and possible
seasonally-induced differences in the leeches. A t-test of the non-injected data revealed a
significant difference t4=-4.67, P=0.0096 between the control (N=3, M=1310.5+109.3)
and shocked (N=3, M=1849.6+38.4) groups (Figure 17A). A t-test of the DMSO data
shows that there is not a significant difference t13=-1.68, P=0.12 between the control
(N=8, M=2400+246.6) and shocked (N=7, M=3049.6+301.4) groups (Figure 17B). The
THL injected animals were also not significantly different t6=-1.37, P=0.22 between the
control (N=4, M=3357.6+295.2) and shocked (N=4, M=4721.8+951.9) groups (Figure
17C). This data suggests that interfering with 2-AG synthesis does not alter the 5HT
levels in shocked animals. The injections cannot be compared to each other due to
differences in the conditions of the HPLC analysis between experiments.
The increases in 5HT levels in the CNS suggested a potential role for this
transmitter during electric stimulation-induced changes in how the animal responds to
non-nociceptive stimuli. This finding is consistent with studies of other animal models in
which 5HT plays a role in stress-related behaviors (Curran and Chalasani, 2012; Fossat et
al., 2014; Fossat et al., 2015). Therefore, experiments using injections of 5HT were
performed to determine if 5HT could produce or mimic the effects of the electric
stimulations and if the amount of injected 5HT correlated to the amount of behavior
change. In this experiment, the control group was injected with saline. A t-test confirms
29

that for the non-nociceptive stimulus, the control (N=10, M=94.8+5.2%) saline injection
is different from both the 200µM (N=10, M=60.7+10.9%) and 500µM (N=11,
M=19.4+2.7%) injections t18=2.81, P=0.012 and t19=13.16, P<0.0001 respectively
(Figure 18A). These results show a similar sensitization to the non-nociceptive stimulus
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Figure 18A: Injections of 5HT were significantly different from the control saline injections (P=0.012,
P<0.0001) and elicited sensitization to the non-nociceptive stimulus in a dose-dependent manner
(P=0.0012). Figure 18B: Injections of 5HT were not significantly different from the control saline
injection nor was there an effect of dosage.

produced by the electric stimulations. As for the nociceptive stimulus (Figure 18B), a ttest showed that there was no significant difference between the control (N=10,
M=96.67+3.7%) saline injection and the 200µM (N=10, M=105.7+4.6%) or the 500µM
(N=11, M=106.5+9.9%) injections t18=-1.54, P=0.14 and t19=-0.89, P=0.38 respectively.
The 200µM and 500µM injections were significantly different in regard to the non30

nociceptive stimulus t19=3.82, P=0.0012, but not the nociceptive stimulus t19=-0.072,
P=0.94. This data suggests that a higher dose of 5HT elicited a stronger sensitization to
the non-nociceptive stimulus than the lesser dose. Thus, injections of 5HT appear to
mimic the behavioral responses elicited after electric stimulations and that these
injections change behavior in a dose-dependent pattern.
To further confirm the role of 5HT in the observed behaviors, experiments using
the 5HT receptor antagonist, methysergide (Control N=9, Shock N=9), were performed
in parallel to a control injection of saline (Control N=13, Shock N=13). Electric
stimulations were performed using the 5 stimulation protocol in the box chamber. A twoway ANOVA of the non-nociceptive data revealed a significant effect of the electric
stimulations (F1,43=19.58, P<0.001). There was also a significant effect of the
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Figure 19A: There was a significant effect of electric stimulations in the saline (P<0.0001). There was
also a significant effect of the methysergide injection (P=0.003). Figure 19B: Injections of
methysergide did not alter responses to the nociceptive stimulus and there was no change in response
due to the electric stimulations.
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methysergide injection (F1,43=10.27, P=0.003). There was no significant interaction effect
between the electric stimulations and the methysergide injection (F1,43=1.89, P=0.18)
(Figure 19A). For the nociceptive data, a two-way ANOVA found no significant effect of
the electric stimulations (F1,43=2.94, P=0.094), no effect of the methysergide injection
(F1,43=0.86, P=0.36), nor did it detect an interaction effect between the electric
stimulations and the injection (F1,43=0.042, P=0.04) (Figure 19B). It appeared that the
injection of 400µM methysergide reversed some of the sensitization to the nonnociceptive stimulus, but the injection also influenced the control group. Methysergide
did not affect the nociceptive stimulus.
Surprisingly, the experimental protocol was unable to elicit a change in the
response to the thermal nociceptive stimulus. Based on this finding, a new noxious
stimulus of mechanical nature was tested. A series of needle pokes took the place of the

Figure 20
A

B

Figure 20A: The response to the non-nociceptive stimulus was not significantly different between the
control and shocked groups, but both groups were sufficiently sensitized. Figure 20B: The responses to
the nociceptive stimulus (needle pokes) was not significantly different between the control and shocked
groups.
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Hargreaves apparatus in order to test a mechanical noxious stimulus instead of a noxious
thermal stimulus. A 25 G needle was used to apply this mechanical stimulus. The needle
was used to poke the posterior sucker of the leech. The sum score of 10 needle pokes was
recorded at the measure of nociception. Electric stimulations were performed using the
box chamber and 5 stimulation protocol as was used with the thermal stimulus. A t-test of
the non-nociceptive data (Figure 20A) revealed no significant difference t12=0.33, P=0.75
between the control (N=7, M=44.8+14.8%) and shocked (N=7, M=39.5+5.7%) groups.
There was also no significant difference t12=-1.11, P=0.29 in response to the nociceptive
stimulus (Figure 20B) between the control (M=75.1+13.0% and shocked
(M=97.4+15.2%) groups. Both the control and shocked animals were significantly
sensitized to the non-nociceptive stimulus. This observation may suggest that the noxious
mechanical stimuli are an intensely-sensitizing stimulus. These results suggest that more
thought must go into developing a new way to measure changes in nociception.
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CHAPTER FOUR
Discussion

The experiments performed throughout this project led to a number of notable
findings with respect to changes in behavior due to the noxious electrical stimulus.
Regardless of the number of shocks or the test chamber, the animals became sensitized to
the non-nociceptive mechanical stimulus but did not change their responses to the
nociceptive thermal stimulus. These changes in behavior persisted only on the day of
testing and returned to baseline and stayed at that level throughout the remainder of the
week.
The plus-maze experiments did not provide a consistent measure of behavioral
changes in response to the electric stimulations. A possible reason for this is that the
leeches do not have a strong preference of substrate that can be reliably shifted flowing
electric shocks. The shape of the plus-maze may also have been too complex for the
leeches. A simple, two-sided petri dish may have been more appropriate for measuring
substrate preference. Another possibility is that the intensity of the stimulus as well as the
length of the experiment fatigued the animals, made them unresponsive, and
consequentially skewed the total time spent in a given substrate. An additional possibility
is that the electric stimulus was effective but changes in behavior due to the stimulus may
have been too subtle to be detected using the plus-maze.
As previously described, stress-induced analgesia is the protective mechanism in
which pain sensation is reduced in response to a sufficiently stressful experience. These
experiments failed to produce an increased latency in the response to the thermal
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nociceptive stimulus which means a SIA-like behavior was not observed. There are
several potential explanations as to why we did not observe an analgesia-like state in the
leech. One possibility is that Hirudo verbana is not capable of exhibiting an analgesiclike behavior in response to the electric stimulus. However, studies in other invertebrate
models suggest that invertebrates are capable of a SIA-like behavior. A study performed
using temperature as the stressor on the snail, Cepaea nemoralis¸ suggested that both hot
and cold stressors induced an analgesic-like response. The heat stressor, but not the cold
stressor was blocked by opioid antagonists suggesting opioid and non-opioid forms of
SIA (Kavaliers, 1987). Another study done in the slug Arion ater also suggests an opioid
component of SIA. This study employed the use of tail pinches to induce an analgesiclike behavior. The behavior was also reduced by an opioid antagonist (Dalton and
Widdowson, 1989). The stressors used in those studies are different than the electric
shocks used to stimulate Hirudo verbana which may explain the appearance of SIA in
those studies. Additionally, the present study using Hirudo verbana did not explore
opioid mediation of SIA, although a role for opioids may exist.
Another possible reason that the analgesic-like behavior was not observed is that
it was hidden by two opposing systems affecting the nociceptive response. It may be
possible that an analgesic-like state equates to the thermal latency measure returning to
baseline instead increasing in latency. In this case, a stressed animal would be sensitized
to nociceptive stimuli due to the noxious nature of the shocks. At the same time, the pain
circuitry is modulated to reduce pain sensation and increase the latency to the nociceptive
stimulus. The interaction of these changes may prevent the animal from experiencing a
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net change in nociceptive sensation. Therefore, a process of sensitization and a process of
analgesia may sum to zero change in the behavioral response to the Hargreaves
Apparatus.
Another possible explanation is that the noxious stressor used throughout the
experiments was not well-suited for producing an analgesic-like effect. It is possible that
the electrical stimulation was too intense for the animal and was inappropriate for
eliciting the desired behavioral changes. Potential changes to the stressor may include the
application of multiple stressors over time. Introducing multiple trials and/or multiple
tests days of varying length and intensity into the experimental protocol may result in
different behaviors. The Hargreaves apparatus measures the response to thermal
nociceptive stimuli and has been used to measure reflexive behavior in a number of other
studies (Cheah, Fawcett, and Andrews, 2017; Hanson and Burrell, 2018). It may be that
this stimulus is not effective in measuring an analgesic-like effect in the leech. Shifting
the type of nociceptive stimulus from thermal to mechanical may reveal hidden behavior
changes. However, the experiment carried out using needle pokes as the nociceptive
stimulus did not reveal any new effects. The animals did not present a change in response
when tested with a nociceptive mechanical stimulus. In this experiment, the control
animals became sensitized after measuring their nociceptive response. Therefore,
measuring mechanical nociceptive responses as done in this experiment should be
redesigned.
Although there was no evidence of an analgesic-like effect in response to the
electric stimulations, there was a robust sensitization to the non-nociceptive stimulus. The
36

stimulus needed to produce an analgesic-like effect is often noxious as it is in these
experiments. It was hypothesized that this sensitization had an endocannabinoid
component. Previous studies suggest that endocannabinoids have a pronociceptive effect
on non-nociceptive synapses (Higgins et al., 2013; Summers, 2017; Wang, 2017). It
would be expected that blocking the action of these endocannabinoids would yield the
opposite effect. However, injections of 25μM and 50μM THL, as well as 25μM of
SB366791 did not alter behaviors for the non-nociceptive or nociceptive stimulus
compared to the control injections. In summary, we did not find evidence of
endocannabinoid mediation in the behaviors observed following electric stimulations.
Although an endocannabinoid component was not discovered, additional
experiments revealed evidence for a role of 5HT modulating the behavioral responses to
the electric stimulus. Through HPLC analysis of the body ganglia, the neurotransmitters
OA, DA, and 5HT were discovered with 5HT being present in a large quantity. 5HT was
also the only neurotransmitter to change in response to the electric stimulations. There
was an increase of 5HT in the CNS following the electric stimulations. The evidence that
5HT has a functional role in the non-nociceptive behavioral response was supported by
the injection the animals with 200µM and 500µM 5HT in place of the electrical
stimulations. Injected animals displayed sensitization to the non-nociceptive stimulus. In
contrast, 5HT injections did not induce changes in response to the nociceptive stimulus.
These behavioral responses were similar to those elicited by the electric stimulations. The
degree of the sensitization occurred in a dose-dependent manner. Injections of 400µM
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methysergide, a 5HT1, 5HT2, and 5HT7 receptor antagonist, reversed some of the
sensitization caused by electrical stimulation stimulations.
Our findings for the role of 5HT in stress-related responses are consistent with
much of the 5HT literature. First, the high concentration of 5HT found in the CNS is
explained by the Retzius cells. The notably large cells have been verified as serotonergic
through fluorescence or 5HT depletion protocols (Lent, Zundel, Freedman, and Groome,
1991; Sahley, 1994). Lent has measured 5HT in the leech ganglia as well and found a
5HT profile similar to the one found in our experiments (1984). The connection between
stress-related behaviors and 5HT is well documented in invertebrates like crayfish
(Fossat et al., 2014; Fossat et al., 2015). Similar electric shocks have been used to
produce sensitization to mechanosensory stimuli in the marine mollusk Aplysia (Walters,
Byrne, Carew and Kandel, 1983). Stress-related behaviors and 5HT are also connected in
vertebrate models (Amat, Matus-Amat, Watkins and Maier, 1998; Pereira, Carvalho and
Padovan, 2019). Because the link between 5HT and stress can be observed in vertebrates
and invertebrates, it is likely that the role of 5HT in stress and sensitization is
evolutionarily conserved.
In this study, we observed evidence of shock-induced sensitization to nonnociceptive stimulations, but we did not find evidence of SIA. Previous results in our
laboratory suggest the presence of two forms of sensitizations to non-nociceptive stimuli,
one that is 5HT dependent and one that is endocannabinoid dependent (Burrell and
Sahley, 2005; Yang and Burrell, 2018). Future studies should be designed to determine
which process becomes engaged depending on the context of the situation. Future
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directions might include testing different kinds of stressors such as a mechanical or
chemical stressor. Upcoming experiments may also test the effects of a multi-day
stimulation protocol. Further exploration into the relationship between stress, 5HT, and
endocannabinoids is also needed. Understanding the mechanisms of pro-nociceptive and
anti-nociceptive effects that result from stressful stimuli may ultimately lead to the
development of safe and effective context-dependent pain therapies.
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APPENDIX
Abbreviations

2-AG

2-arachidonoylglycerol

5HT

Serotonin

CB1

Cannabinoid Receptor Type 1

CB2

Cannabinoid Receptor Type 2

DA

Dopamine

DAG

Diacylglycerol

DAGL

Diacylglycerol Lipase

DMSO

Dimethyl sulfoxide

HPLC

High Performance Lipid Chromatography

OA

Octopamine

PAG

Periaqueductal Grey

RVM

Rostroventral Medulla

SB

SB366791

SIA

Stress-Induced Analgesia

THL

Tetrahydrolipstatin

TRPV

Transient Receptor Potential Vanilloid
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